INTRODUCTION
Nineteenth-century whaling severely reduced right whale Eubalaena spp. populations in all of the world's oceans. The northern hemisphere species remain en dangered with North Pacific right whales Eubalaena japonica numbering around 400 whales in the Okhotsk Sea and 100 elsewhere in the North Pacific (IUCN 2013 ) and fewer than 500 North Atlantic right whales Eubalaena glacialis (Pettis 2009 ). Southern hemisphere right whales Eubalaena australis are faring better with an estimated population of 11 984 distributed over 11 calving grounds (IWC 2001 , IWC 2012 . All sub-populations that are being systematically monitored are increasing, with the exception of the critically endangered Chile-Peru subpopulation (IUCN 2013) . Genetic analyses indicate little exchange of females between calving grounds (Portway 1998 , Baker et al. 1999 , Patenaude et al. 2007 , Valenzuela et al. 2010 . In 2009, the major southern right whale (SRW) calving grounds were estimated to include 3373 whales off Argentina, 3864 off South Africa, 1980 off Australia and 2702 off New Zealand (Table 3 in IWC 2012). Before whaling, the total SRW population was estimated to number 55 000 to 70 000 whales (IWC 2001) .
The southern right whales that use Península Valdés (PV), Argentina (see Fig. 1 ) as a calving ground have been studied since 1971. Aerial surveys have been conducted annually to photo-identify the individual whales present each year, their locations and the presence of calves (Payne 1986 ). Females usually calve once every 3 yr (Cooke et al. 2001 (Cooke et al. , 2003 and are not often seen on the calving grounds in intervening years (Payne 1986 ). The normal 3-yr calving interval of right whales Eubalaena spp. includes one year in gestation (Best 1994) , one year in lactation and one year recovering energy reserves to support the next pregnancy (Knowlton et al. 1994 , Best et al. 2001 , Burnell 2001 . Apparent calving intervals of 2, 4 and 5 yr are thought to result from calving failures due to abortion or death of neonates or nursing calves (Knowlton et al. 1994) . The PV whales in creased at a rate of 6.8% yr −1 from 1971 to 2000 (Cooke et al. 2003) .
The calving season at PV extends from May through December, with peak numbers of whales present at the end of September-early October (Payne 1986) . Most calves are born in or near August, although newborns are seen as late as October (Whitehead & Payne 1981) . Mean calf length at birth is 5.5 to 6.1 m (Best 1981 , Whitehead & Payne 1981 , Best & Rüther 1992 , but smaller calves, ranging from 4.5 to 5.5 m, can survive and comprised more than one-fifth of 72 living right whale calves measured off South Africa (Best & Rüther 1992) . Calves grow as much as 3 m during their 2 to 3 mo on the calving ground (Best & Rüther 1992) while being nursed by their fasting mothers. Calves have not been seen to feed independently during their first 3 mo of life (Thomas & Taber 1984) . Little food is available at PV in the winter months. Adults begin to feed sporadically in late September and early October on zooplankton blooms that follow spring blooms of phytoplankton (Payne 1995 , Sironi 2004 , Hoffmeyer et al. 2010 ) before they depart for the feeding grounds. The whales feed primarily on copepods north of 40°S, krill south of 50°S and on a mixture of both between these latitudes (Tormosov et al. 1998) .
Right whale deaths have been recorded at PV since 1971. During the first 30 yr of the study, deaths appeared to increase at a rate similar to the increase in number of whales using the calving ground, but an unexpectedly large number of whales (47) Baleen whales rarely die in large numbers at one time and place (NOAA 2013) . Other than incidents of ice entrapment, the first known report of a 'multipledeath event' of baleen whales occurred in 1987 when 14 humpback whales Megaptera novaeangliae died in Cape Cod Bay (Massachusetts, USA) after consuming saxitoxin-contaminated mackerel Scomber scombrus (Geraci et al. 1989) . Although reports of multiple baleen-whale deaths in one location within a short period of time have increased over the past 2 decades (see Table 1 ), such events remain less frequent and less deadly than those recorded for toothed whales (Geraci & Lounsbury 2005 , Gulland & Hall 2007 , NOAA 2013 , and they appear to have different causes.
Algal species belonging to the genera Alexandrium and Pseudo-nitzchia can produce natural biotoxins (saxitoxin STX and domoic acid DA, respectively) that have been linked to mass mortality and other detrimental effects in marine mammals, including the humpback whales mentioned above (Geraci et al. 1989 , Scholin et al. 2000 , Gulland et al. 2002 , Doucette et al. 2006 . Blooms of both genera occur at PV and offshore on the Patagonian Shelf (Carreto et al. 1986 , Gayoso 2001 in a region where right whales feed after leaving the PV calving ground (Tormosov et al. 1998) .
Events that kill many whales are challenging to study, and the immediate cause of death, predisposing factors and population effects have been identified in only a small fraction of cases (Dierauf & Gulland 2001 , Geraci & Lounsbury 2005 . The causes of baleen whale die-offs have mostly gone undiagnosed (Table 1) . Known triggers of mortality include harmful algal blooms, human interaction (ship strikes and entanglement in fishing gear) and starvation, the lat-ter being suspected as a predisposing cause in deaths of eastern North Pacific gray whales (Dierauf & Gulland 2001 , NOAA 2013 .
Despite analyses of hundreds of tissue samples collected from dead whales at PV, no common cause of death has been identified. Results from histopathology and biotoxin analyses will be presented in separate papers. Here, we report results of analyses to determine whether the deaths have increased beyond historical levels relative to the size of the population and whether their distribution suggests single or multiple causes. We compare the increase in number of living and dead calves counted annually over 4 decades, describe the temporal and spatial distribution of mortality events and evaluate between-year differences in the lengths of dead calves, as possible clues to the contributing factors or direct causes of death.
MATERIALS AND METHODS

Effort to document right whale deaths at Península Valdés
The effort devoted to recording living and dead whales at PV has varied over the 41 yr of the study. Thus, it is possible that the relative number of dead calves may appear to have increased in recent years because more effort has been put into searching for them, or because living calves are increasingly under estimated, or both. These possibilities are addressed in the sections 'Declining aerial survery effort, 1971 effort, -2011 effort, ' and 'Increased landbased effort to record dead whales, 1994 effort, -2002 . The number of dead whales detected in a year is derived from several sources: aerial surveys of living whales conducted throughout the calving season; reports from local residents; land-based surveys of beaches in the regions where the whales concentrate and, since 2008, varying numbers of aerial surveys of the perimeter of PV dedicated to finding dead whales.
The aerial survey protocol to photo-identify individual living whales has not changed since 1971 (Payne et al. 1983 , Payne 1986 ). During aerial surveys, researchers fly in a small plane along the perimeter of the peninsula and photograph the individually distinctive white markings (callosities) on the heads of each whale encountered as they surface to breathe. The survey team also records the number of whales in a group, the group type (mother/calf pair, lone adult, juvenile or surface active group) and location. Locations and age-classes of dead whales that are encountered during the surveys are also recorded.
For safety reasons, the aerial survey plane must fly within gliding distance of land; thus, the surveys photo graph only those whales present within 2 km of the tide line. Whales farther offshore but easily within view of the note-taker are counted but not (Payne 1986 ) and remain at PV longer than other whales (estimated mean = 77 d) . Differences between the number of whales counted in a group that was circled over and photographed and the number of whales photo-identified have not yet been resolved for years after 2000. Yearly estimates of the number of adult females using PV are derived from a demographically explicit population model that accounts for the observed calving sequences of all individually identified females, including a small subset of known-age females first identified as calves (Cooke et al. 2001 (Cooke et al. , 2003 . The model also includes parameters for the survey process. The rates and patterns of resightings allow each year's relative survey completeness to be estimated and used to infer the year's total calf output and the number of females using the PV calving ground.
Cooke's model has not been fully updated since the year 2000, so here we use raw counts of living and dead calves to ask whether the high mortality events since 2000 are truly unusual or the result of increased detection caused by increased effort to find dead calves. For this purpose, the number of living calves in a year is the count made during the single aerial photo-identification survey in that year conducted closest to the time of peak whale abundance (late September or early October) (Payne 1986 ). Such counts are not perfectly proportional to the actual numbers of calves produced in a year, or to the estimates made by the full demographic model. But somewhat surprisingly, these raw counts have grown at an average rate indistinguishable from the model's estimate as of 2000 (6.7 versus 6.8% yr −1 , see Fig. 3 ), suggesting that the gross detection efficiency of the aerial photo-ID surveys has remained approximately constant, even though the fraction of mothers photoidentified appears to have declined as the number of whales at PV has grown (Cooke et al. 2003) .
Most but not all records of dead whales include date and location information to avoid duplicate counts of the same individuals. From 1971−1993, the same dead whales were often resighted on subsequent surveys within a year. Sixty-five percent of the 60 deaths recorded during this period include year and location (gulf or beach) information and 6 whales have only year information. Dead whales that were not seen during aerial surveys but were reported by local residents and researchers were added to each year's record. It is possible that some dead whales were counted more than once during this period, but probably not many because each death was a notable event and few whales died; there were 6 or fewer deaths per year from 1971−1993, with the exception of 1991 when 9 were recorded. Since 2003, the tails of dead whales have been notched and marked with an identification tag to avoid double counting. The following paragraphs describe significant changes in effort that could have influenced the number of dead whales counted each year. In 1994, a program was established to improve the counts of dead whales sighted from land or boats. A stranding coordinator (A. Carribero) conducted bimonthly land-based surveys of the beaches where the whales concentrate, created a hotline to receive reports of strandings, established a network of local residents who gathered and forwarded reports of dead whales and involved local radio stations in asking listeners to call the hotline to report dead whales. The coordinator also measured and collected baleen, skin and blubber samples from dead whales.
Expanded effort to document every death and conduct post-mortem examinations, 2003−2011
In 2003, the Southern Right Whale Health Monitoring Program (SRWHMP) was established, and since then it has conducted post-mortem examinations of every accessible right whale that has died at PV. The stranding team is active from June through December. Members locate dead whales through land surveys of beaches, dedicated aerial surveys of the coast, re ports of sightings, photo-identification surveys of living right whales and reports from members of an expanded local stranding network that includes more than 70 individuals (wildlife officers, fishermen, local inhabitants, whale-watch operators, dive-boat operators, tour-guides and other mariners, pilots, researchers and local authorities, such as the Coast Guard). All reports of dead whales are confirmed from land. Land and aerial survey effort by the SRWHMP has varied, but coverage has been consistently higher since 2003 than in previous years. The stranding network reports most of the dead whales found each year, but since 2008 aerial surveys dedicated to finding strandings have increased the proportion of dead whales first identified from the air. (2004), F. Gulland (pers. comm.), A. Carribero (unpubl. data) and Geraci & Lounsbury (2005) . When a stranded whale is reported, SRW HMP researchers travel as soon as possible to the stranding site. The location is recorded by GPS, the state of decay of the carcass is coded, the animal's tail is tagged and notched, photographs and body measurements are taken and an external examination is carried out in search of scars, wounds and any other evidence of the cause of death or of human interactions. Blubber thickness measurements, skin tissue and baleen plates are collected and, depending on the state of decay, an internal examination or necropsy (partial or complete) is conducted during which a full set of diagnostic samples is collected for subsequent tests.
Data and analyses
Analysis of calf mortality by years and survey effort
The counts of dead (stranded) calves as des cribed above were used to estimate the parameters of a segmented exponential-growth model by the method of maximum likelihood estimation (MLE). The model assumes that each calf born has a probability q s of subsequently dying and then being detected, where s is an index denoting the periods of differing average survey effort (1 for the period 1971−1993, 2 for the period 1994−2002, and 3 for the period 2003− 2011). In any given year, the expected number of dead calves detected is
where N 0 is the number of calves born in 1971, r is the annual increase in the number of mothers or calves and t is years since 1971. N 0 and the 3 periodspecific values of q s cannot be estimated separately, so they reduce to 3 compound parameters (n s = q s N 0 ) which are the number of dead calves expected to have been detected in 1971 under each of the 3 periods with different survey effort. The dead calves are small proportions of those born, so the numbers actually detected (X t ) are modeled as Poisson random variables with expectations M t .
Under these assumptions, a log-likelihood function for the data can be derived and partially solved. MLE point estimates of r and their associated support intervals (ΔlnL ≤ 2) were found by evaluating the loglikelihood function after substitution with the closedform solutions for n s .
The null hypothesis is that r, the increase in number of whales using PV, has been approximately constant through all years of the study (i.e. through periods 1, 2 and 3) and that calf deaths, therefore, also have increased at that same constant rate, although they may have been detected with different efficiencies during the 3 periods. An alternative hypothesis is that calf deaths have actually increased during recent years at an average rate greater than that of the number of mothers coming to PV.
A likelihood model was not applied to the number of living calves (as estimated from counts during the annual aerial photographic surveys) because they comprise substantial proportions of the total number of living calves as estimated from the comprehensive demographic model (Cooke et al. 2003) . For this reason, the number of living calves detected cannot be assumed to be Poisson distributed. Instead, standard least-squares linear regressions were set to the log-transformed counts and then the intercepts were back-transformed to obtain estimates of n s .
The counts of living calves were not adjusted upward to account for the number of calves known to have died before the aerial survey, nor downward for the number known to have died after the survey. In principle, such adjustments might improve the correlation between the number of calves observed alive in a survey and the number actually recruited from that year. However, a calf that dies and strands is more likely to be detected than a calf that does not die and strand, because stranded calves remain on the beach for days or weeks and are recorded throughout the season, while living calves are recorded only during aerial surveys which are effectively instantaneous and restricted to a narrow band of water adjacent to the shore, and thus include only a small fraction of the surface area of the 2 gulfs. To correct the counts of living calves, using information about dead calves, would, therefore, require fractional substitution factors, because each dead calf seen is a larger fraction of the total than is each living calf seen. There is no obvious way to estimate such factors from the available data, for the same reason that we cannot directly estimate the actual mortality rates (i.e. living and dead calves are detected with different efficiencies that can themselves be estimated only in part). Fortunately, the error introduced by failing to adjust the living-calf counts by the numbers known to have died before and after the aerial survey is expected to be small because most calves live.
The counts of living and dead calves, by year, are given in Appendix 1. The estimated exponential growth curves are also shown graphically (see Fig. 3 ).
Low and high mortality years
Years with fewer than 35 deaths were classified as 'low mortality' years. Any such cut-off is arbitrary; this one was chosen to distinguish those years in which experts familiar with the number of whales visiting PV did not consider the numbers of dead whales unusual, from those years in which the numbers of dead whales were, in fact, viewed as unexpectedly high. The low mortality years were combined to enable statistical comparisons with high mortality years. The low-mortality years were initially divided into 2 sets defined by survey effort as described above, to facilitate statistical analyses of the temporal patterns described in the following paragraph (7 yr from 1994−2000 in period 2 and 3 yr 2003 , 2004 see Fig. 6a ). Years with limited data on the days of stranding were excluded from the temporal analyses (1971−1993, 2000 and 2001) .
Variation in the temporal distributions of deaths
Deaths in each year were binned into 14 halfmonth periods from early June through late December (see Fig. 5 ), and the yearly temporal distributions of mortality were compared by contingency-table analysis (chi-square tests) on the 6 and 8 central bins with the largest numbers of deaths in most years (from mid July through mid November). Two-bin ('early' versus 'late') distributions, lumping all deaths before October 1 versus all deaths from that date to the end of the season, were also considered. This division of the sea son into 2 parts (1) allocates roughly equal amounts of the overall mortality into the early and late categories, (2) divides the deaths into those consisting mainly of newborns (early) and older calves (late) (most calves are born in August and September; Whitehead & Payne 1981 ) and (3) divides the adult whales into those that can be assumed to be fasting and those that might have fed on zooplankton containing biotoxins. Regardless of the number of bins considered, the same pairs of years emerged as relatively similar to each other (i.e. not significantly different from each other, or only weakly so, but highly significantly different from most other years). These pairs of similar years were combined or plotted together in subsequent analyses.
Variation in the lengths of dead calves by date of stranding Right-whale calves grow rapidly in their first few months after birth (Best & Rüther 1992) , so calf length can be used as a crude proxy for age. All calf lengths reported here are straight-line measurements from snout-tip to fluke notch. A 10 m cut-off was used to distinguish calves from juveniles (12 m was used to distinguish juveniles from adults) based on Best & Rüther's (1992) photogrammetric measurements of 72 living southern right whale mother/calf pairs off South Africa, and also an analysis by Whitehead & Payne (1981) .
Among-year differences in length distributions were examined by plotting the lengths of dead calves against the day of the year on which they were found (see Fig. 6 ). Calves were classified as small if less than 6 m in length and large if 6 m or greater. This cut-off was chosen to distinguish stillbirths and newborns no more than a few weeks old from calves that had probably lived a month or more (Best & Rüther 1992) . October 1 was used to distinguish calves that died early or late in the calving season (as described above). Given these classifications, each dead calf fell into 1 of 4 categories (early/small, early/large, late/small, late/large). Contingency-table analyses were used to ask whether pairs of years had significantly different distributions when stranding period (early or late) was combined with calf length (large or small) (2 yr by 4 date/size categories, df = 3). Years with statistically indistinguishable patterns are plotted together (see Fig. 6 ). The calves from each year or set of grouped low-mortality years are indicated by different symbols.
RESULTS AND DISCUSSION
From 1971 through 2011, 630 right whale deaths were recorded at PV. Three of the deaths were re ported only as floating at sea; the remainder were found on land. Seventy-seven percent (482) of the deaths occurred from 2003−2011 (Table 2 , Figs. 1 & 2) . Nine more dead whales (6 adults, 1 juvenile and 2 of unknown age) were found on the Argentine coast outside of PV in 2008−2010, but are not included in the analyses described here. In 2003−2011, most of the whales that died at PV were found on the coasts of Golfo San José (GSJ) and Golfo Nuevo (GN) (Fig. 1) and the largest numbers died in 2005 and 2007− 2011 ( Table 2 ). The sex ratio (males/total) of the 353 dead calves that could be sexed is female biased (0.47 males/ total; for juveniles 4/17 = 0.24 and adults 1/27 = 0.04).
Adults and juveniles died in unusual spatio-temporal clusters in 2005 and 2010. In 2005, 5 adults and one juvenile died in GSJ over a 17 d period that began with 3 females washing onto beaches separated by less than 5 km on the same day (Oct 19) followed by 2 more females and a juvenile in the following 16 d. In 2010, 2 adult females and 7 juveniles died in GSJ within the 2-wk period from October 27 through November 9.
Calf deaths and influence of survey effort on estimated mortality
An increase in whale numbers and an increase in survey effort would both be expected to increase the number of dead calves counted per year. Increased effort alone does not explain the pattern and scale of the recent increase in observed deaths. If actual calf deaths had been proportional to births over the duration of the study, then within each of the 3 periods with a given level of effort (indexed by 1, 2 and 3), the observed deaths would have been roughly proportional to the number of living calves 1970 1975 1980 1985 1990 1995 2000 2005 2010 No. of dead whales counted each year and to the estimated number of whales using PV. During periods 1 and 2 (1971− 2002) , the number of dead calves increased at average rates (r = 0.061 and r = 0.067; Fig. 3a) close to the estimated growth rate of 6.8% yr −1 (Cooke et al. 2003) . However, during the years of the SRWHMP (period 3, 2003−2011) , the number of dead calves appeared to increase at an average rate (r = 0.122, 2-log support interval 0.083 to 0.161) (Fig. 3a) , much greater than the growth rate (Fig. 3a) , while the number of living calves recorded in the aerial surveys continued to rise at a modest rate (r = 0.067) consistent with the long-term growth rate (Fig. 3b) . The living-calves growth rate estimate for period 2 (r = 0.033) was lower than the overall rate, but not significantly so: the standard errors on r for periods 2 and 3 were approximately 0.035 because each period consists of only 9 yr and the observed numbers of calves were highly variable; the errors were much smaller for period 1 (0.013) and for the full sequence of 41 yr (0.005).
Calf deaths were not unexpectedly high during every year of the SRWHMP. In 2004 and 2006, the numbers were close to those expected by extrapolation from earlier years of the study (Fig. 3a) . The number of dead calves in period 3 appeared to be unusually highly variable, in addition to being high on average, relative to the numbers estimated to have been born. The variability can be characterized in several ways. For example, the coefficient of variation (CV = SD mean −1 ) for the 9 yr of period 2 was 0.35, but for the 9 yr of period 3 the CV was 0.57. These ratios were expected to be approximately equal under a model of exponential growth at a constant rate but with different efficiencies of detection (caused by different levels of effort) in these 2 periods of equal length.
A contingency-table analysis showed that the variation during period 3 (but not period 2) was significantly elevated. Under the null hypothesis, the number of calves dying each year should be proportional to the number of calves actually born, regardless of any model-based assumptions about the number of adults using PV. In some ways, this is a better null hypothesis than that of exponential growth because the 3 yearly calving cohorts can vary substantially in size. The contingency χ 2 statistic for living and dead calves over the 9 yr of period 3 (2003−2011) was 52.0 (df = 8, p < 10 −7 ) (Appendix 1). The same statistic for period 2 was χ 2 = 12.9 (df = 8, p < 0.15, NS). For the 23 yr of period 1, χ 2 = 45.68 (df = 22, p < 0.01) (Appendix 1), which suggests that the numbers of calf deaths were also highly variable during the early years of the study, but alternative explanations seem more plausible. First, the expected numbers of dead calves were very small during this period (less than 2 per year on average, and less than 1 in many years). Thus, many of the individual terms in the overall χ 2 statistic may be artifactually inflated by small expected values in their denominators. Second, the effort devoted to finding and recording dead calves during this period was lower and probably more variable from year to year than during periods 2 and 3. This variation in effort would be expected to add a random, non-biological component to the variation in numbers of dead calves actually found. And third, in the early years, there was also more variation in the completeness of the aerial photographic surveys that were carried out at the time of peak whale abundance, which would add non-biological variation to the numbers of live calves counted each year during period 1. For all of these reasons, we doubt that the numbers of calf deaths were really more variable in period 1 than they were in period 2.
In summary, calves born at PV appeared to die in higher numbers that varied more strongly from year to year during the period 2003−2011 than in previous decades. Average numbers of calf deaths also appeared to be absolutely higher, but it was difficult to estimate the magnitude of this increase owing to the 
Spatial and temporal distribution of deaths and differences in dead calf lengths
Location of dead whales 2003−2011
Most of the 430 dead calves recorded at Valdés from 2003−2011 were found in its 2 gulfs, GN and GSJ; just 3 dead calves were found along the outer coast (Fig. 1) . Throughout this period, somewhat more living calves were seen in GN (58% of the 1646 living calves counted during the annual aerial surveys at the time of peak whale abundance), but many more dead calves were found in GN (76% of 430) than in GSJ (χ 2 = 43.7, df = 1, p < 4 × 10 −11 for the classifications GN/ GSJ and living/dead). Numbers of living and dead calves seen in each gulf in each of the 9 yr 2003−2011 are shown in Fig. 4 .
Golfo San José is a protected marine reserve with little boat traffic, no towns and few human inhabitants, whereas GN is home to Puerto Madryn, a small city (population about 60 000) with several industries including fish and aluminum processing. Between 1971 and 2000, human activities in GN appeared to have no effect on right-whale deaths; in these years, more dead whales were found in GSJ than in GN (55% of 91 deaths). The higher number of calf deaths in recent years in GN could be caused by some micro-environmental difference between the 2 gulfs, but the higher proportion could also be confounded by whale movements. During years with multiple photo-identification surveys, individual whales were seen to move from GSJ into GN at the end of the calving season (V. J. Rowntree et al. 2001, unpubl. data) .
Variation in the temporal distribution of deaths
Most calf deaths occurred early in the calving seasons of low-mortality years (80%) and in 2008 and 2009 (75%) (Table 3 , Fig. 5a,c) Fig. 5b ). These differences were highly significant (χ 2 values of 13.2 or greater and p-values ranging from 2 × 10 −4 to 3 × 10 −15
). Calf deaths were almost equally divided between the early and the late periods of 2010 and 2011 (Table 3 , Fig. 5d ).
If the low-mortality years can be considered 'normal,' then they indicate that most calves that die on the calving ground in normal years do so shortly after birth. The deaths in 2005 and 2007 differed from this pattern because most of the deaths occurred late in the season (after October 1). In addition, as summarized in Fig. 5, there was Table 3 . Eubalaena australis. Number (n) and proportion (prop) of dead calves that were found early (pre Oct 1) or late (on or after Oct 1) in the calving season and that were greater or less than 6 m in length in grouped years ber in all years with the exception of 2005 and 2010, suggesting that some risk factor often comes into play at that time of year. The most obvious factor would be that the whales begin to feed on zooplankton blooms (which can be toxic) in late September and early October, before they depart for their feeding grounds later in October.
Variation in the lengths of dead calves in relation to time of stranding
The lengths of dead calves found between 1994 and 2011 ranged from 2.18 to 9.83 m (n = 437) and varied considerably at any given time in the season (Fig. 6 ), in agreement with the distribution of lengths of living right whale calves off South Africa (Best & Rüther 1992) . Small dead calves (less than 6 m) were found at PV throughout the calving season, but most of them died before October 1 (74% of 249 small calves, Table 4 ). However, few years appeared to be 'typical' with respect to the overall distribution of date and size at stranding. Instead, the years showed several distinct patterns, when dead calves were classified as early/ late and small/large. The sets of grouped years all differed significantly from each other when counts in the 4 panels of Fig. 6 were compared by contingency-table analyses (Table 4 , Fig. 6 , 4 quadrants in 2 sets of years, χ 2 values of 15.1 or greater, df = 3, p < 0.002).
In low-mortality years (Table 4 , Fig. 6a ), most of the dead calves were small (81% of 99 dead calves), in contrast to high-mortality years when 50% of 338 dead calves were small (χ 2 = 29.7, df = 1, p < 0.001). Young right whale females calving for the first time off South Africa tend to give birth to smaller calves and show greater year to year variation in dates of calving than experienced mothers, while multiparous mothers tend to give birth in mid-August with little year-to-year variation in timing and their calves tend to be larger than those of smaller inexperienced mothers (Best & Rüther 1992 , Best 1994 . These observations suggest that many of the small dead calves found at PV were the offspring of young females that may experience more abortions, stillbirths or neonatal deaths than older females.
In 2008 and 2009, most of the calves that died (75%) were found before October 1 (Tables 3, Fig. 6c ) and a higher proportion of these calves were large (≥6 m) compared to calves that died early in all other years combined (43/105 compared to 27/149, Table 4 ) (χ 2 = 16.1, p < 0.001). Thus, in these years with apparently elevated levels of early calf mortality, an unusually large proportion of the calves were larger than expected. Given the tendency of multiparous South African right whales to give birth in mid-August and to have larger calves than primiparous females (Best & Rüther 1992) , many of the large calves that died early in 2008 and 2009 seem likely to have been the offspring of experienced mothers whose calves seldom died in other years (as implied by Fig. 6a,b) . , which is the same as the growth rate of living calves estimated by Best & Rüther (1992) . The late-season deaths of apparently healthy calves (given their length at death), thus, seem likely to have been caused by a factor or factors that emerged shortly before the animals died. The same factor might also have caused the late season clusters of adult and juvenile deaths in 2005 and 2010. In 2010 and 2011, 55% of the calves that died were small (Fig. 6d) , similar to what was observed in 2008 and 2009 (Table 3) . However, the deaths in 2010 and 2011 were more equally distributed before and after October 1 (43:49) suggesting that more than one factor played a role in those years.
CONCLUSIONS
The varying levels and patterns of calf mortality described above strongly suggest that many of the deaths occurring at Península Valdés in recent years have an unusual cause or causes, and that the overall rate of mortality has been significantly elevated. During the 2012 calving season, as this report was being Different environmental factors may have played leading roles in different years, as suggested by the variable temporal distributions of deaths, the variation in average sizes and presumed ages of the affected calves and the tendency for most mortality to occur in Golfo Nuevo. In the early mortality events of 2008 and 2009, a higher proportion of large (> 6 m) calves died before October 1 than in any other year, indicating that the whales were stressed in a way that affected most females regardless of age, size and experience, suggesting something like unusually poor foraging or some other widespread environmental disturbance. In contrast, in the late mortality events of 2005 and 2007, most of the dead calves appeared to have grown more than a meter before death, suggesting that they were probably healthy prior to experiencing a sudden insult of some kind. These calves died during the time when adults begin to feed, suggesting that the deaths could be related to harmful algal blooms. Trace levels of the algal biotoxins saxitoxin (STX) and domoic acid (DA) have been found in tissues of only 4 of the 36 dead animals examined to date (G. Doucette and S. Fire pers. comm.). The levels were much below those found in the feces of foraging North Atlantic right whales (Doucette et al. 2006 (Doucette et al. , 2012 . The results of these and additional tissue analyses will be presented in a separate paper along with analyses of possible correlations between the temporal distribution of deaths, periods when algal blooms were known to be toxic at PV and periods when chlorophyll a levels were high in the western South Atlantic.
The International Whaling Commission convened a workshop of specialists in March 2010 to review evidence and discuss hypotheses for the recent deaths of right whales at PV (IWC 2011). Hypotheses included: changes in food availability; infectious diseases; local and global increases in biotoxins; exposure to environmental contaminants; gull harassment and gull peck lesions; changes in demography; predation; whale watching; fisheries interactions and vessel strikes. Participants dismissed most of these possibilities and identified 3 leading hypotheses to explain the high mortality events: (1) decreased availability of food, (2) exposure to biotoxins and (3) infectious disease. Given these recommendations and the lack of consistent findings, efforts to expand research on these main factors along with health problems associated with constant gull harassment (Rowntree et al. 1998 , Thomas et al. 2013 ) are currently under way.
Ancillary diagnostic testing was performed on samples from a subset of the dead whales including routine histologic examination of tissues, serologic testing and PCR on select subsets of samples. To date, no consistent or significant findings, including infectious disease, have been identified within or between years to explain the ongoing, recurrent mortality events. The results of post-mortem examinations and these ancillary diagnostic tests will be described fully in a separate paper.
Analyses of essential and non-essential metals in 45 calves that died at PV in 2003−2009 found low levels of essential metals similar to ranges reported for mysticetes in other parts of the world, including bowhead whales that were killed by hunters and presumably were healthy before death. The similarity to other mysticetes suggests that toxic effects of metals are unlikely to have contributed to the deaths of these calves (Rosas et al. 2012) . The levels of 25 metals in skin biopsies from 10 living adult PV females were also found to be on the low ends of the ranges of concentrations measured in other studies, suggesting no abnormal accumulation of metals in these adults (Martino et al. 2012) .
Southern right whales were heavily exploited from the 17th through the 19th centuries, so there is no information about maternal reproductive rates or calf mortality rates for any right whale population near its natural carrying capacity. As the population recovers from whaling, intra-and interspecific competition for food and other ecological processes might be ex pected to cause negative density dependence of reproduction and survival rates. To what extent such effects may have contributed to the recent high mortality events is a difficult but potentially important question.
PV right whales appear to be sensitive to low abundances of Antarctic krill Euphausia superba. Over the first 30 yr of the study, the PV whales had fewer calves than expected following years with El Niño Southern Oscillation events when sea surface temperatures (SSTs) were higher than normal off South Georgia, one of the whales' likely feeding grounds (Leaper et al. 2006) . High SSTs at South Georgia are associated with declines in Antarctic krill abundance and reproductive failures of other krill predators that forage and breed at South Georgia (e.g. fur seals and Gentoo penguins) (Trathan et al. 2006) . Investigations are under way to extend these analyses through 2012 and to look for correlations between some of the recent high mortality events and SST anomalies or periods with low krill abundance off South Georgia. Work is also under way to estimate female body condition from aerial survey photos and diet from baleen and blubber samples to test predictions about maternal nutritional status in years with different levels and temporal patterns of calf mortality.
Apparent declines of Antarctic krill in the western South Atlantic (Atkinson et al. 2004 ) are a cause for concern. Models suggest that a rate of increase of 1°C in mean SST in this region over the next 100 yr could reduce Antarctic krill abundance by 95% (Murphy et al. 2007) . Such a change could devastate all krill predators including the southern hemisphere baleen whales. Thus, it will be important to determine whether the elevated calf mortality events reported here could be, in part, an effect of climate change.
While many samples and data have been gathered to date, additional analyses and data from several more years will be required to identify the causes of the recurring high mortality events at PV. In particular, it will be important to monitor the population for independent or concurrent disease processes, including infectious, toxic or nutritional disease, and to gather data on the genetic and environmental factors that potentially interact with other seemingly more direct causes of the recurrent mortality now affecting young right whales at PV. 
